Summary, Insulin is thought to be chemically stabilized within r-granules in the crystal form. The other major products of the r-granule, proinsulin and C-peptide, by contrast, are not thought able to crystallize. The physico-chemical properties of peptides in soluble or crystalline form are dramatically different. The ability of insulin to crystallize in the r-granule might thus explain why this peptide, but not proinsulin/Cpeptide, remains stable even after its introduction into lysosomes as occurs during granulolysis (crinophagy). We have now studied this by exposing proinsulin or insulin to lysosomal proteases in vitro. 125I-insulin in soluble form was found to be degraded at the same rate as 12Sl-proinsulin. Strikingly, however, when the labelled insulin was crystallized, its rate of degradation was decreased from 1.9 to 0.2 pmol/min. We take these data as confirmation that the insulin crystal is resistant to degradation, thereby possibly accounting for (a)the presence of insulin immunoreactivity within multigranular bodies, and (b) the unusually slow rate of degradation of insulin within B cells compared with that of other hormones in their cells of origin.
The degradation of hormones stored within their cell of origin appears to be a pathway shared by many endocrine cell types [1] . For the insulin secreting B cells, degradation of insulin stores was first suggested morphologically [2, 3] and subsequently confirmed biochemically [4] . Granulolysis or crinophagy [5] , i.e. the fusion of secretory granules with primary lysosomes to yield secondary lysosomes where the hormonal content is degraded, is one possible pathway for such degradation; indeed, this pathway is active in the B cell [2, 3, 6] .
We have previously suggested that the ability of insulin to crystalize may affect its subsequent handling within the B cell [6] . In particular, it is possible that the crystal form may prevent the normally rapid degradation of a hormone expected within lysosomes. We therefore wished to establish whether (a) proinsulin and insulin in soluble form are degraded by lysosome proteases, (b) the insulin crystal is stable in an environment suitable for optimal lysosomal enzyme activity, and (c)insulin degradation by lysosomal proteases is inhibited if it is crystalline.
Materials and methods

Lysosomes
Isolation. Lysosomes were isolated and purified from adult male rat livers through differential and sucrose gradient centrifugation [7] . The final pellet, considered in the original procedure [7] to consist of pure lysosomes, was found to be comprised of two different materials. One was brown and adhered to the centrifuge tube, whereas the other was a pink layer of material which could be readily suspended. Assay of aryl sulfatase activity and of proteolytic activity at acid pH showed the brown layer to be more active than the pink material, which was thus flushed with a gentle stream of 0.25 tool/1 sucrose in phosphate buffer. The brown layer only was used for the experiments.
The purified lysosomes were suspended in citrate/BSA buffer pH 5.0 [4.5 mmol/1 citrate, 103 mmol/1 disodium phosphate, 0.5 mg/ml bovine serum albumin (BSA)] and freeze-thawed five times (successive freezing on liquid N2 followed by thawing at 15 ~ to disrupt the lysosomal membranes and solubilize lysosomal proteases. When the total protein content of the lysosomal preparation was to be measured, BSA was omitted from the buffers. The protease solution was then kept in small aliquots at-70 ~ Usually, lysosomes from two livers were disrupted and their contents dissolved in 4 ml citrate/BSA. For each assay point (see below), this solution was diluted by adding an equal volume of citrate/BSA and 10 ~ of the dilute solution then used.
Morphology. Lysosomes destined for morphology were fixed directly after the isolation procedure (without prior freeze-thawing), in 2% phosphate-buffered glntaraldehyde for 30 rain at room temperature and then washed three times in phosphate buffer. For conventional electron microscopy, post fixation was carried out in 1% phosphatebuffered osmium tetroxide followed by ethanol dehydration and Epon embedding. For inununocytochemistry, post fixation was omitted and embedding was carded out at low temperature in Lowicryl K4M resin [8] . Thin sections were prepared from the embedded material and observed, after uranyl acetate and lead citrate contrasting, in a Philips EM 300 electron microscope. The post embedding protein A-gold method [9] was used for immunocytochemical demonstration of a lysosomal enzyme, cathepsin B (anti-cathepsin B was a generous gift of Dr. N. Katunuma, Tohushima, Japan) or of insulin (guinea-pig antiporcine insulin serum was provided by Dr. P.H.Wright, Indianapolis, Ind, USA).
Enzyme activity. Aryl sulfatase, used as a marker enzyme for lysosomes, was assayed colorimetrically [10] . Total protein in samples was assayed using a commercially available colorimetric kit (Biorad), which uses Coomassie G-250 as the dye reagent. Bovine serum albumin was used as the protein standard.
lnsulin crystals
Radiolabelled insulin Zn-hexamer crystals were prepared according to the crystallization method of Schlichtkrull (11) with some modifications. Pork insulin (Eli Lilly, Indianapolis, Ind, USA) was dissolved in 0.02 mol/1 HC1 to obtain a 10 mg/ml solution. The following were then mixed sequentially in a glass tube: 150 ixl insulin solution, 15 ~tl 0.12 mol/l zinc sulfate, 75 lxl 0.2 mol/l sodium citrate, 20 ~tl Aa4-mono12SI-insulin (human, specific activity 365 [xCi/~Lg, 30.8 lxCi/ml concentration). Crystals were grown at 2-4~ and without acetone. After 4 days, the crystals were harvested by centrifugation and washed 3 x in citrate/BSA containing 7.5 mmol/l zinc sulfate (citrate/BSA/Zn++). The percentage of unlabelled insulin in the crystal form was assessed by measuring the insulin concentration by ultraviolet absorption in the solution before and after crystallization. a25I-insulin incorporation was determined by measuring the radioactivity in the supernatant and crystals. Both native and iodinated insulin were found > 90% in the crystal form. Stability of the crystals 349 over time was monitored by measuring the ratio of radioactivity in soluble and crystalline forms. No significant solubilization of the crystals was observed at 2-4 ~ over a period of weeks and the crystals were stable by this criterion for>2 h at 37~ in citrate/BSA/ Zn + +.
To prepare microcrystals, crystals as prepared above were suspended in 10 ml citrate/BSA/Zn + + in a 25-ml glass beaker and then stirred with a magnetic bar for 20 min. This treatment resulted in disruption of the crystals. Crystals were then sized using a light microscope with a measuring grid.
Insulin and proinsulin degradation
Insulin degradation was monitored by production of low molecular weight products soluble in trichloroacetic acid (TCA). The incubation conditions were as follows: 50 ~zl citrate/BSA/Zn ++ buffer, pH 5.0, containing tracer ~sI-insulin (with or without unlabelled insulin), or labelled insulin crystals, and 10 txl lysosomal enzyme solution (diluted with citrate/BSA to obtain an aryl sulfatase activity of approximately 3 U/ml). After set times at 37 ~ the reaction was stopped with 0.40 ml ice-cold citrate buffer (5 mg/ml BSA) and 0.5 ml 10% TCA. The samples were centrifuged for 10 min at 2,000 g and the superuatants decanted. Radioactivity in the supernatant was considered ~o represent TCA-soluble degradation products. Two: non-specific controls were included for all conditions: (1) addition of TCA at 0 min, and (2) incubation under standard conditions without any addition of enzyme. No significant degradation was observed with time in the absence of enzyme. TCA-soluble products in the initial preparation amounted to < 2% total radioactivity.
For studying proinsulin degradation, human Al~-mono-a25I -proinsulin (specific radioactivity 2t0 ~Ci/~xg) was used as the sub. strate. The assay conditions were the same as for tZSl-insulin. An al, teruative method was, however, found necessary for monitoring ~25I-proinsulin degradation. Samples were subjected to sodium dodecyl sulfate/polyacrylamide gel electrophoresis under reducing conditions using a discontinuous system (20% acrylamide resolving gel) at pH 8.5 [12] . After drying, the gels were exposed to Kodak XAR5 film to visualize the position of radioactive products. The disappearance of radioactivity from the position characteristic of native proinsulin was taken as an index of degradation. For insulin, TCA precipitation . pH-dependence of insulin degradation by lysosomal enzymes. Soluble 1251-insulin 037 pg/ml, 50 nCi/ml) was exposed to lysosomaI enzymes (0.5 U/ml aryl sulfatase activity) for )0 rain at 37 ~ at the given pH. Degradation was assessed by measuring production of radioactive products which were soluble in trichloroacetic acid, Data expressed as mean • SEM (n = 4) ~251-insulin (137 pg/ml, 50 nCi/ml) was incubated at 37 ~ in citrate/ BSA buffer (pH 5.0) for 30 rain in the presence of lysosomal enzymes (0.5 U/ml aryl sulfatase activity). Non-specific degradation was estimated by incubating under the same conditions without addition of the enzyme solution. Results (mean• n =4) are expressed as total degradation less the non-specific (which was < 10% of total for all conditions) Microcrystals were examined by light microscopy (400 x magnification) using a grid for sizing. Each crystal was measured to obtain the length of its longest face (maximum dimension) expressed in microns. Four independent observations were made (the results being expressed as the mean of these four experiments). For each observation, 60-70 crystals were measured. The crystals were then grouped according to size and the number of crystals falling in each group expressed as a percentage of the total population. Percent of crystals with a given dimension expressed as mean • SEM (n = 4) and gel electrophoresis gave identical rates of apparent degradation, whereas for proinsulin it was found that TCA precipitation underestimated degradation by up to 80% (particularly at early time points).
Results
Characterization of lysosomes and lysosomal proteases
The purification of lysosomes was assessed both morphologically and by enzyme assay. The specific activity of aryl sulfatase in the initial liver homogenate was 0.05 U/mg total protein (where 1 U is defined as 1 ~mol p-nitrocatechol sulfate hydrolyzed/h). The activity in the lysosome lysate was 7.2 U/mg protein amounting to a 144-fold enrichment in this enzyme. The yield of aryl sulfatase in the final lysosomal fraction relative to the initial liver homogenate was 8.3%. Examination of random thin sections of the pellet by transmission electron microscopy revealed an homogeneous population of well preserved lysosomes (Fig. 1 a) . A characteristic lysosomal enzyme (cathepsin B) could be demonstrated by immunocytochemistry on this population (Fig. 1 b) . A few peroxisomes and some mitochondria were found as occasional contaminants (Fig. 1 a) .
Lysosomal proteases are known to display an acidic pH optimum. Insulin degradation was therefore monitored over a wide pH range (Fig.2) . Maximum activity was observed at pH 4.2 with no detectable activity above pH 6.6. All subsequent assays were performed at pH 5.0, which is thought to be close to the pH within intact lysosomes. At pH 5.0, insulin degradation was 79% of the maximum observed at pH 4.2 (Fig.2) .
Since the insulin crystal is stabilized in the presence of divalent cations, the effects of Ca ++ and Zn ++ on insulin degrading activity were also examined. Whereas 1 and 10 mmol/1 Ca + + resulted in a concentrationdependent inhibition of insulin degradation (Table 1) to 66% of control, Zn + + at 7.5 mmol/1 (the concentration used to prepare and subsequently stabilize the insulin Zn-hexamer) had no inhibitory effect (Table 1) . Zn + + at 7.5 retool/1 was therefore included in subsequent assays.
Characterization of insulin crystals and microcrystals
A14-mono 12sI-insulin was cocrystalized with native insulin to form labelled Zn-hexameric crystals. The crystals were then disrupted to prepare a microcrystalline suspension. The microcrystals were examined optically. Although very small, they exhibited clear birefringence which appeared typical of rhombohedral crystals. Given the chemical history of these microcrystals, it is concluded that the preparation consisted of the 2-Zn rhombohedral form. The microcrystals were sized under a light microscope by measuring the maxi- Table 2 , 90% of the crystals examined had a maximum face length of< 82 ~tm. Unlabelled crystals were also examined by electron microscopy and immunocytochemistry. Using anti-insulin serum, insulin antigenic sites were localized to the crystal face using the protein A-gold technique (Fig. 3) . The appearance of insulin in situ within fl-granules following similar immunocytochemical analysis is comparable [6] , suggesting that the antigenic sites recognized by this serum are accessible on the cut crystalline face whether in/q-granules or in the chemically prepared crystals.
Degradation of soluble insulin or proinsulin and insulin crystals
The degradation of nsI-insulin and 125I-proinsulin was compared by incubation of these labelled peptides with the lysosomal enzyme preparation at pH 5.0. During the course of a 60-min incubation at 37 ~ there was no apparent difference in the rates of degradation of insulin or its precursor (Fig.4) . For these experiments, insulin was used in soluble form.
The rates of degradation of soluble insulin and of the microcrystals were then compared. The specific radioactivity of the soluble insulin was adjusted (by addition of unlabelled insulin to the tracer) to that of the microcrystals (182 nCi/mg). The total concentration of insulin for both the soluble and crystalline materials was 10 Ixg/ml. The rate of degradation of soluble insulin at this concentration was similar to that observed for tracer quantifies (137pg/ml) (compare Figs.4  and 5 ). The degradation of the crystals was extremely slow compared to that of the soluble material (Fig. 5) , The initial rate of degradation for the soluble insulin was 1.94 +__ 0.04 pmol/min and for microcrystals 0.21 + 0.02 pmol/min.
Discussion
Proinsulin and insulin display different physico-chemical properties which have been suggested to play a role Time (rain) Fig.4 . Degradation of soluble insulin vs. proinsulin. 125I-insulin (137 pg/ml, 50 nCi/ml) or 125I-proinsulin (238 pg/ml, 50 nCi/ml) were exposed to lysosomal enzymes (0.5 U/ml aryl sulfatase activity) at pH 5.0 and 37 ~ (7.5 retool/1 Zn++). Degradation for both molecules was assessed by loss of the intact labelled product as judged by polyacrylamide gel electrophoresis. [13] . Of particular importance for this study is the observation that insulin hexamers, in contrast to those of proinsulin, are insoluble at acid pH in the presence of Zn + + [14] and that the Zn-hexameric insulin crystal is remarkably stable at pH 4.6-6 [13] [14] [15] . The stability of the insulin crystal at acid pH in the presence of Zn + + is confirmed in the present study, since no soluble insulin was detectable even after a 2-h incubation of the labelled microcrystals, at 37 ~ in the buffer used for degradation assays. The milieu within t-granules has been shown to be acidic [16, 17] and to be rich in Ca++/Zn++ [18, 19] . Both these conditions will favor insulin crystal formation and stability; this has been previously demonstrated experimentally [20, 21] . Such is not the case for secretory granules which have fused with lysosomes during crinophagy. Although intra-lysosomal pH has been measured in intact cells to be as low as 4.75 [22, 23] , the cationic composition of these organelles is largely unknown. Data demonstrating that lysosomal membranes are relatively impermeable to Ca + + and Mg++ [24] suggest that the intra-lysosomal level of these ions may be low unless there are active transport systems not yet identified. In the event of Ca + + being elevated within lysosomes, we should predict an inhibitory influence on insulin degradation based upon the present data. The Zn ++ concentration within lysosomes has not, to our knowledge, been determined. Although Zn + + was not found to affect the degradation of low concentrations of soluble insulin by lysosomal enzymes, its absence (or presence at less than 1 mmol/ 1) would clearly render the insulin crystal less stable [13-151.
The major findings of this study are that (a) proinsulin is rapidly degraded by lysosomal proteases, and (b) under the same conditions insulin in crystalline (but not soluble) form is degraded remarkably slowly. Aside from characterization, in part, of the degradation of insulin and its precursor by lysosomal enzymes, these data may provide insight into their handling within the B cell. Clearly the in vitro system used in this study should not be assumed to be analogous to degradation within lysosomes in the B cell arising from crinophagy. The lysosomes used were from rat liver, not rat B cells (although they presumably house many if not all of the enzymes found in their B-cell counterparts). The composition of the assay buffer has already been discussed above, and the ratio of lysosomal enzymes to substrate may not be appropriate. Finally, the size of the microcrystals, although small by most criteria, is nevertheless 2-3 orders of magnitude greater than the estimated mean diameter of 180 nm of the putative crystals within t-granules [25] . Despite these reservations, certain parallels can still be drawn. We have previously shown that insulin, but not proinsulin/Cpeptide, can be localized within B-cell multigranular bodies (the product of lysosome-fl-granule fusion) [6] . Furthermore, insulin, although degraded extensively within the B cell, is destroyed slowly [4] compared with rates of degradation observed for other hormones in their cell of origin [1] . Our present finding of slow degradation of insulin in crystal form in the face of rapid proinsulin degradation supports our hypothesis [6] that it is the protection of insulin in the crystal form, even after its introduction into lysosomes, which accounts for both its slow degradation in the B cell and its unexpected presence in multigranular bodies.
The consequences of a reduced rate of degradation of crystalline insulin may not, however, be of physiological consequence. Once introduced within lysosomes, the insulin is stable for some time according to our findings and as such is still presumably in a biologically active state. However, insulin within lysosomes, in contrast to that in granules, will not be released from the B cell in response to a physiological stimulus such as glucose. Insulin, once trapped within lysosomes, is thus no longer bioavailable despite retaining its potential activity. Insulin localized in lysosomes is, by contrast, likely to affect the significance of measurements of B-cell stores by conventional methods, since biologically active and bioavailable insulin (i. e. that in secretory granules) may not be distinguished from active yet unavailable insulin within lysosomes.
